The phenomenon of salt crystallization is an important deterioration mechanism in building materials. Damage is caused by crystallisation pressure exerted within pores. Sodium sulfate is considered the most damaging salt, known to have two hydrated phases at ambient conditions. The metastable heptahydrate and the stable decahydrate called mirabilite (Na2SO4.7H2O and Na2SO4.10H2O). Damage is caused by mirabilite crystallisation either directly or via heptahydrate dissolution. The formation of mirabilite is induced at the top of the stone core by seeding with a crystal of mirabilite. We investigate the strain on the porous host from crystallisation, mirabilite crystal growth rate and degree of solution supersaturaiton with respect to mirabilite at the temperature of initiation. Using a thermostatted chamber we measure sample strain with an LVDT transducer and crystal growth rate through the core using thermocouples inserted at regular intervals along the samples. Mirabilite crystallisation is exothermic and we relate the heat produced to the quantitiy of crystals formed. The mirabilite-ice eutectic point occurs at c. -3 o C and results in complete solidification of the remaining liquid phase and further damage.
INTRODUCTION
Salt crystallisation is one of the main causes of monument and building deterioration in the Mediterranean basin, and elsewhere around the world [1] .
This phenomenon occurs on monuments exposed to varying environmental conditions and in different building materials, whether they are natural or artificial e.g. concrete.
Some of the world's most important monuments, such as Harappan archaeological remains at Mohenjo-Daro in Pakistan, the Sphinx in Egypt and all historical buildings in the city of Venice in Italy, are seriously affected by salt crystallisation [2] .
Building damage due to natural environmental effects, such as salt crystallisation, reduce the life span of buildings and incur significant costs for surface repair [3] . Salts are ionic compounds that can be transported onto and into masonry in many ways: by capillary rise from groundwater and soil water, by rainfall and driving rain, by fog, dew and sea spray. The most commonly occurring salts are sodium chloride (NaCl) and sodium sulphate (Na2SO4) [4] .
Sodium sulphate has been investigated due to its ability to cause significant damage to porous building materials. The destructive effect is caused by the growth of mirabilite (Na 2 SO 4 .10H 2 O), from highly supersaturated solution, which can be produced from the dissolution of the more soluble thenardite (Na 2 SO 4 ) [5] .
The work of Hamilton et al. [6] , [7] highlighted the formation of a metastable phase, sodium sulphate heptahydrate (Na 2 SO 4 .7H 2 O), that forms first when cooling supersaturated sodium sulphate solutions. According to Ostwald's rule of stages, it is more likely that mirabilite recrystallizes from the metastable phase than forms directly from solution, however mirabilite will form directly if the sample is seeded with a crystal of mirabilite and particularly if the solution/sample temperature is above 15 o C. The rapid precipitation of mirabilite from the metastable phase produces a molar volume expansion of c. 125% and subsequent crystallisation pressure [8] . If a sufficiently large fraction of the pore wall is in contact with growing crystals and there is a repulsive interaction between the crystal and pore wall, damage results [9] .
The aim of this paper is to measure the rate of mirabilite crystal growth and ice formation through the samples (sandstone and limestone) saturated with a 3 molal sodium sulphate solution, and measure the strain produced in the stone core.
The formation of both ice and mirabilite is exothermic and therefore measurable with thermocouples and both produce a volume expansion and damage to the stone sample. Using a new purpose-built thermo-stated chamber, we are able to detect: 1) the rate of propagation by measuring the temperature along the samples using 4 thermocouples and 2) the resulting deformation produced within the sample using an LVDT mounted on the chamber lid.
We relate the heat produced by mirabilite crystallisation to the quantity of crystals formed [10] . The mirabilite-ice eutectic point occurs at c. -3 o C and results in a complete solidification of the remaining liquid phase and further deformation within the sample. We quantify the strain produced by the two reactions, then we calculate the stress.
EXPERIMENTAL METHODS
Cylindrical samples (sandstone and limestone) of length 5 cm and diameter 2.5 cm are used. They are pre-drilled with three 2 mm diameter holes for thermocouples insertion, at a spacing of c. 10 mm from each other and then dried in an oven at +100 o C for more than 24 hours. The mass of the sample is weighed before and after capillary saturation with a 3 molal sodium sulphate solution, storing the sample with solution in an oven at +45 o C in a sealed bottle to avoid thenardite formation in the core. The saturated sample is then placed within a unique custom built thermostated chamber, which is filled with mineral oil at +45 The chamber gradually lowers the temperature of the sample placed within it from +45 o C to -7 o C. To determine the propagation rate of mirabilite, the precipitation is controlled by initiating crystallisation at the top of the sample which propagates down the core. Crystallisation is initiated by seeding the core with a crystal of mirabilite at the top of the core when it reaches a known temperature. During further cooling, ice nucleates at c. -3 o C. but nucleates randomly in the sample as it is not seeded. Both these reactions are exothermic and lead to a temperature increase within the sample of c. 2-10 o C, and produce strain within the core.
We measure the exothermic response using 3 thermocouples inserted at fixed intervals of c. 10 mm within the sample, while another thermocouple measures cooling of the mineral oil surrounding the sample inside the chamber. We then calculate the velocity of propagation of mirabilite crystal growth through the sample (mm/sec) and the velocity of propagation of ice (mm/sec). We can relate the temperature increase to the crystal content within the sample.
Heat transfer rate calculated confirms that the temperature rise recorded by thermocouples results from crystal propagation and not heat transfer within the sample. We calculate the thermal diffusivity of the sample and then the time it takes for the heat to travel from the top to the bottom of the core.
Sample deformation is measured using an LVDT (GT1000RA from RDP Electronics) located on the chamber lid, placed on the upper surface of the sample. Tables 1 and 2 .
We calculated the thermal diffusivity (m2/s) of the system using eqn (1).
where (λ) is the thermal conductivity (W/m•K) of the composite system: calcite, sodium sulphate salt and aqueous solution. Hcap is the calculated specific heat capacity of the system (J/K) and (ρ) is the density of the composite system (Kg/m3) [10] . The time (t) for heat transfer between thermocouples is given by eqn (2).
where (l) is the distance in mm between each thermocouple. Results show that the time it takes for each thermocouple to detect a new temperature rise is considerably shorter than the calculated heat transfer rates for each sample. The time it takes for heat to travel from the top thermocouple to the bottom one for the Euville sample is 15.68 min, while the crystals propagation time recorded by the same thermocouples is 28 sec. This confirms that the temperature rise detected by the thermocouples is due to crystal propagation reather then heat transfer. Fig. 2 shows the experiment conducted on an Euville limestone sample. The mirabilite crystal propagation rate is calculated from the exothermic response detected by the thermocouples in turn as crystallisation proceeded through the core, shown magnified in Fig. 3(a) . Shown on the same graph is the exothermic response from ice formation within the sample at c. -3 o C. However the propagation direction of mirabilite crystallisation was controlled by seeding the top of the core while the direction of ice propagation was random (Fig. 3(b) ) and not seeded. The propagation rate is rapid for both the reactions detected by thermocouples: 1.60 mm/sec for mirabilite propagation and 1.25 mm/sec for ice formation.
The temperature increase detected from the formation of mirabilite could arise from the direct crystallisation of mirabilite from solution or the conversion of heptahydrate to mirabilite. The crystallisation of the heptahydrate does not produce an exothermic response which is measureable using thermocouples. The temperature rise is directly correlated with the mass of solution within the sample, and so with the mass of mirabilite crystals forming from solution. This correlation is expressed by the eqn (3). Ms: mass of solution within the sample; ∆Tm: average value of the temperature increase measured by the three thermocouples in the body of each sample; ∆Tc: temperature rise calculated using eqn (3); T g : temperature of growth initiation; Vc: mirabilite crystal propagation rate; S: supersaturation ratio of the salt solution within the sample.
where hcap(m) is the heat capacity of a system containing mirabilite, msat is the saturated mass of the sample, Mm is the moles of mirabilite and Hm is the enthalpy of mirabilite crystallisation (-60 kJ/mol) [10] , [11] . The ∆T values, listed in Table 1 (∆Tc), clearly show a good correlation with the measured temperature variations (∆Tm) for most of the tested samples.
The supersaturation of the solution with respect to mirabilite, at the temperature of mirabilite formation, is given by eqn (4):
where C is the concentration of the solution, C * is the saturation concentration at the temperature of crystal growth initiation (T g ) [12] . Values of S and V c , the speed of crystal growth through the sample in mm/s, are given for all the tested samples in Table 1 . Fig. 4 shows a plot of supersaturation (S, x-axis) against measured crystal growth rate through the sample (V c , y-axis).
Deformation analysis
The sample deformation produced by salt crystallisation and ice formation was measured in order to achieve a deeper understanding of the strain/stress evolution and the resulting damage within the porous matrix.
Assuming an elastic modulus of 25 GPa for limestone samples [13] , we calculate the stress produced within the sample using eqn (5) .
where (ε) is the strain produced in the sample of length L (ε = ∆L/L). The calculated stress on the core from mirabilite formation is given in Table 2 , these values are within the range of the tensile strength of most sedimentary rocks (c. 3-9 MPa), which indicates the stone cores are damaged by mirabilite formation. As ice forms at the mirabilite-ice eutectic point, the contents of the core solidify, forming mirabilite and ice with no solution phase left. This should produce signigicantly more damage to the core and work is underway to collect more data at the ice-eutectic point. From ice propagation rate data, the speed of growth through the pore structure can be faster than that of mirabilite but more data is required to draw conclusions. the temperature increase measured by the three thermocouples in the body of each sample; ∆Tc: temperature rise calculated using eqn (3); Vc: mirabilite crystal propagation rate; Ms: mass of solution within the sample; S: supersaturation ratio of salt solution within the sample; Tg: is the temperature of growth initiation; ∆Tmi: is an average value of the temperature increase measured by thermocouples during ice formation; Vci: is the ice formation rate and σ is the measured strain value for mirabilite precipitation calculated as stress.
CONCLUSIONS
Thanks to a new purpose-built experimental chamber we investigate the rate of mirabilite crystal growth and the rate of ice formation within the porous matrix and we calculate the stress from the strain measured on the stone core. Preliminary results show that the propagation rate of mirabilite crystals through the length of the core sample is very fast (1-3 mm/s) in all the tested limestone and sandstone samples, with a rapid strain response.
Mirabilite crystals propagation rate (Vc) shows some linear dependence on the supersaturation ratio of the salt solution, indicating growth rate through the core is closely tied to the solution supersaturation at the temperature of initiation. Further work is underway to better understand the reaction mechanism and the relationship between strain developed in the porous matrix and speed of crystal growth. The calculated stress from measured strain is close to the tensile strength of most sedimentary rocks, c. 3-9 MPa and indicates the core was damaged when mirabilite formed and further work is required to measure core strain from ice formation.
